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INTRODUCTION
Biomarkers have been proposed as sensitive tools for detecting environmental exposure and adverse effects of toxic anthropogenic chemicals on aquatic organisms. Biomarkers have been defined as a change in biological response which can be related to exposure or toxic effect of environmental chemicals (Peakall, 1994) . In recent years, the usefulness of a set of biomarkers has been demonstrated in environmental biomonitoring in several aquatic species, including freshwater fish (Galloway et al., 2004; Triebskorn et al., 2001) . In European rivers, the fish species mostly employed to assess biological effects of contaminants using a set of biomarkers are chub and roach (Flammarion et al., 2002) . However, due to the fish species diversity encountered in streams and estuaries, the assessment of various other species for biomarker-based biomonitoring is still needed.
The three-spined stickleback (Gasterosteus aculeatus L.) appears to be a promising species to assess the impact of contaminants in aquatic biota in that it is relatively tolerant to environmental pollution, and that it inhabits most streams, small rivers, estuarian and coastal areas in Europe (Wootton, 1984) . Moreover, this fish species is a well-studied model for biologists since behaviour, ecology and evolution of stickleback have been extensively characterised. The responses of several biochemical parameters such as vitellogenin (Pottinger et al., 2002) , spiggin (Katsiadaki et al., 2002 ) and 7-ethoxyresorufin-O-deethylase (Holm et al., 1993) have been investigated in laboratory studies and have appeared as promising biomarkers of chemical exposure to be used in environmental biomonitoring. Despite its relative ubiquity, to our knowledge, cholinesterase activity and liver histopathology are the only biomarkers investigated and validated in the stickleback (Handy et al., 2002; Sturm et al., 2000) and, therefore efforts are still needed to validate other biochemical biomarker responses in situ for the monitoring of fish health in freshwater ecosystems.
In previous studies, we examined a set of hepatic biotransformation and oxidative stress endpoints as potential biomarkers for various pollutants in stickleback (Sanchez et al., 2006; Sanchez et al., 2005) . The purpose of the study was to validate these biomarkers in the field when this fish species are exposed to a variety of pollutants in rivers situated in Northern France. Biomarker responses in wild sticklebacks sampled in five sites subjected to different types and levels of contamination (Table I) Moreover, a first evaluation of biomarker reversibility in stickleback from one of the most contaminated streams was performed to investigate the evolution of biomarker profiles over a 15 day depuration period in clean water. Table I summarises some general characteristics of the selected sites and fish sampling in each site. All sampling of adult sticklebacks were carried out by electrofishing in Spring (between June-July) and/or Autumn (September-October). All sampling sites have been impacted by urban and/or agricultural activities as determined by the Fish Based-Index (FBI) quality score based on occurrence and abundance data and reflecting the level of degradation of fish assemblage structure (Oberdorff et al., 2002) . Therefore they could not be considered true reference sites so, reference fish were sampled at equivalent sampling periods in uncontaminated outdoor lotic mesocosms located at INERIS (Verneuil en Halatte, France). Each mesocosm channel was 20 m long, 1 m wide with a water depth of 0.3 m in the upper section and 0.7 m in the lower section. The mesocosms were initially set-up with natural and artificial sediments, aquatic plants, phytoplankton, periphyton, benthic and pelagic invertebrates, microorganisms and one fish species that is the stickleback. The channels were fed by denitrated water from a drinking water treatment plant with a flow of 800 l/h by channel.
MATERIALS AND METHODS

Sampling design
Depuration experiment
To determine the potential reversibility of biomarkers when fish are returned to clean water, we collected 45 fish from the Réveillon (REV) river in Spring 2003 campaign and transferred them to the laboratory in aerated tanks. The fish were divided into three groups of 15 and placed in denitrated water (alkalinity, 367 mg/L as CaCO 3 ; pH, 8.35 ± 0.05) for periods of 4, 8 and 15 days.
This experiment was carried out in semi-static conditions with complete water renewal and food supply every 2 days. The water temperature was 14°C ± 0.5°C and the photoperiod corresponded to natural light/dark cycle at this period.
Sample preparation
Fish were measured, weighed and sacrificed immediately after being caught. The CF was calculated according to Pottinger et al. (2002) , while HSI was calculated as (liver weight / fish weight) x 100.
Livers were removed, weighed and frozen in liquid nitrogen prior to homogenisation and biochemical analysis. The homogenisation was in 200 µL of ice-cold phosphate buffer (100 mM, pH 7.8) with 20% glycerol and 0.2 mM phenylmethylsulfonyl fluoride using a Potter-Elvehjem homogeniser. The homogenates were centrifuged at 10,000 x g, 4°C, for 15 min and the postmitochondrial fractions were used for biochemical assays. Total protein concentrations were determined using bovine serum albumin (Sigma-Aldrich Chemicals, France) as a standard (Bradford, 1976) .
Biochemical biomarker assays
EROD, GST, GPx and GSH assays were conducted respectively according to the methods of Flammarion et al. (1998) , Habig et al. (1974) , Paglia and Valentine (1967) and Vandeputte et al. (1994) . These assays were adapted in microplates and optimised for stickleback to fit the linearity of each assay. The total protein concentrations used for each assay were 0.5 to 10 g/L for EROD and 0.5, 5 and 4 g/L for GST, GPx and GSH, respectively. Lipid peroxidation was estimated by adding 345 µL of TBARS reagent (Ohkawa et al., 1979) to 60 µL of a 3 g proteins/L diluted samples. Samples were then heated and TBARS were quantified by fluorimetric measurement with 515 nm wavelength excitation and 553 nm wavelength emission. Malonaldehyde (MDA) was used as standard, and results were expressed in nmol of MDA equivalent/g of proteins.
Statistical analysis
All data are reported as mean ± standard deviation and SPSS 13.0 software was used for statistical analysis. Firstly, normal distribution and homoscedasticity of data were verified using KolmogorovSmirnov and Levene tests respectively. Since data sets had not a normal distribution and/or homogeny of variance, the biomarker data was log-transformed, using F(x) = log(1+x), prior to parametric analysis. Secondly, a two-way analysis of variance (ANOVA) was performed for each biomarker using sites and gender as factors. When sites by gender interaction was significant ( =0.05), male and female data were treated separately. Biomarker responses measured at each sampling period in uncontaminated mesocosms, were compared using one-way ANOVA followed by Sidak test ( =0.05). To determine the differences between biomarker responses observed in contaminated sites and mesocosms, a t-test was performed ( =0.05). A standardised Principal Component Analysis (PCA) was performed to investigate relationships between investigated variables. A step by step discriminant analysis (DA) using discriminating functions and followed by cross validation was carried out to classify the sites.
RESULTS
The results for physiological and biochemical parameters are presented in Tables II and III . In these tables, males and females are presented separately when significant differences were revealed by two-way ANOVA performed using site and gender as co-factors for each parameters (Table IV) .
Influence of gender and sampling period on biomarker levels
Several biotic and abiotic factors are known to affect the biomarker responses. Our results showed that CF, HSI, phase I and phase II biotransformation enzymes, GPx activity and GSH were gender dependent parameters, while TBARS was not (Table IV) . No significant interaction was noticed between biomarkers and fish weight or length (data not shown).
In uncontaminated mesocosms, morphological indexes, GPx and TBARS exhibited no significant difference between fish sampled in Spring and in Autumn (Table II and This measure could be considered as an artefact and is unlikely to be representative of unaffected basal level since comparison to EROD levels in several laboratory controls are generally 5-10 pmol/min/mg (Holm et al., 1993; Sanchez et al., 2005) . No other significant differences were noticed for EROD activity measured in mesocosm fish at different sampling periods (Table III ). An increase of GST was measured in mesocosm fish sampled in Autumn compared to those sampled in the Spring. Moreover, variations of GSH content were also noticed, with a weaker GSH content in those fish sampled in Spring of 2003 compared to fish in Spring 2004 (Table III) .
In situ biomarker responses
Some morphological index variations were observed between fish from mesocosms and contaminated sites (Table II) indicates that fish were likely to have been exposed to dioxin-like compounds at these sites. A decrease of the EROD activity was measured in female fish from LEZ (Table III) . Glutathione S-transferase was induced both in males and females from RHO, ESC, and in male fish from REV during Spring 2003, but was inhibited in female fish from OUR and LEZ (Table III) .
The assessment of oxidative stress biomarkers showed that antioxidant defences were clearly affected in the sites characterised by moderate or high contamination (i.e. REV, OUR, RHO and ESC) as compared to the low contaminated site LEZ or mesocosms. Depletion of GSH together with increased TBARS levels (up to 4-fold the reference level) showed that pollution-exposed fish were subjected to oxidative stress. Alteration of redox liver status in REV (only in 2003), OUR and RHO, was further confirmed by strong induction of GPx, which is involved in organic and hydro-peroxide degradation.
Multi-variate analysis
To explore overall relationships between the different variables, we ran a PCA from a matrix data that included biomarkers, morphological and general indexes as variables. The figure 1A shows that 58 % of overall variance is explained by the first two principal components. The first principal component (PC1, 42 % of variance) was mainly built by the water quality index (WQI) and TBARS that were found to be strongly correlated (r = 0.8, p= 0.001, Pearson's coefficient). On this axis, fish from mesocosms and LEZ were clearly distinguished from fish sampled in other sites (not illustrated). The PC2 (16 % of overall variance) was mainly formed by GST and EROD. As expected, this axis distinguished fish from RHO, which had high GST levels, to fish from REV 2004 that had high EROD levels (not illustrated). Moreover, on the first factorial plan of the PCA, different correlation between biomarkers were suggested and further confirmed by Pearson's correlation test : negative correlation between GSH and other oxidative stress parameters : GST (r = -0.238, p<0.001), GPx (r = -0.292, p<0.001) and TBARS (r = -0.312, p<0.001), and positive correlation between TBARS and enzymatic antioxidants (GST : r = 0.429, p<0.001 and GPx : r = 0.517, p<0.001).
We then used step by step DA to further examine the discriminating power of the set of biomarkers.
This analysis showed that, while all investigated biomarkers participated significantly to the discrimination, some weighted more heavily than others in site discrimination : TBARS > GST > EROD > GSH > GPx > HSI > CF. As shown in figure 1B , DA revealed a very good discrimination of the contaminated sites RHO AND ESC with respectively, 100 and 92 % of successful classification rates. The lower rates of successful classification in the contaminated sites REV and OUR were due to the misclassification of some fish in ESC, another impacted site. Likewise, the lower rate in the lesser contaminated site LEZ, were due to badly classified fish in mesocosm groups as they presented low biomarker variations as compared to this group. To overcome variations linked to the sampling period, DA were also performed within each sampling period. Overall, the results confirmed a very good discrimination characterised by successful classification rates, i.e. higher than 75 % for all sites except for the LEZ river where 30 % of fish were badly classified in mesocosm group (data not shown).
Depuration experiment
In REV, fish exhibited altered levels of all investigated biomarkers as compared to basal levels in mesocosms (Table II and III) . The depuration experiment (Table V) demonstrated that to varying degrees, some of the biomarker responses were reversed when fish were moved into clean water for 15 days. CF and HSI slightly decreased by 10 to 30% in clean water, reaching the level observed in male fish from mesocosms. This was also observed with in situ induction of EROD and GST which were completely reversed after 15 day depuration. In contrast, only slight recoveries were noted for TBARS (decreased by 26%) and GSH (increased by 34% in males), while GPx induction was still present after 15 days. Overall, these results confirmed that, in REV, fish had undergone relatively high oxidative damage in the liver that was still persistent after 2 weeks.
DISCUSSION
The aim of our research on three-spined stickleback was to determine the potential of this small fish species as a sentinel organism for in situ monitoring of aquatic contaminants. To our knowledge, this study is the first one that has explored the responses of a set of biomarkers in sticklebacks sampled in various contamination contexts. We showed that individual biomarkers such as morphological indexes (CF and HSI), biotransformation enzymes (EROD and GST) and oxidative stress parameters (GPx, GSH and TBARS) were altered in fish sampled in streams impacted by various contaminants and their combination allowed site discrimination.
The need of multi-biomarker approach for freshwater biomonitoring has been largely reported by several previous field studies (Galloway et al., 2004; Triebskorn et al., 2001 ). In our work, a noteworthy fact was that the set of selected biomarkers was able to discriminate the different sites accordingly to general indexes based on water quality and fish assemblage. Moreover, the biomarker approach enabled to distinguish between two sites that were similarly classified by general indexes. For instance, in the heavily contaminated streams RHO and ESC, biomarker response patterns were different with a strong oxidative stress in RHO compared to ESC where fish exhibited high EROD levels. These differences may probably reflect variation in the nature of chemical contaminants to which the fish were exposed. However, other sites such as OUR and REV were less discriminated than the other impacted sites, e.g. some REV fish were classified in ESC group in the DA. This may reflect a limit in the selected combination of biomarkers and the addition of other specific biomarkers could be a practical way to improve the discriminating power of the battery. Nonetheless, the multivariate analyses showed that the number of investigated biomarkers cannot be reduced without losing discriminating power. This showed that all biomarkers significantly contribute within the battery, although with different weighting.
The biomarker response patterns in stickleback suggested that fish inhabiting in polluted areas may have undergone sublethal stress, possibly due to exposure to different chemical contaminants, although chemical analyses in fish could not be performed in this study. EROD activity is a documented biomarker in stickleback and previous laboratory studies investigated its response in this fish species after exposure to polyhalogenated compounds (Holm et al., 1993) , pesticides (Sanchez et al., 2006) and metals (Sanchez et al., 2005) . In the present study, both basal levels in uncontaminated sites and EROD induction measured in REV and ESC were consistent with the known range of variations for this biomarker in stickleback. The 5-fold observed induction could be considered as moderate as compared to the 20-fold induction reported by Holm et al. (1993) and probably revealed exposure of fish to aryl hydrocarbon receptor agonists in these sites.
As for EROD, baseline levels of antioxidants and oxidative damages measured in poorly impacted sites were in accordance with the levels previously reported for stickleback (Sanchez et al., 2006; Sanchez et al., 2005) . Moreover, both the nature and the extent of oxidative stress biomarker responses observed in fish from contaminated streams (REV, OUR, RHO and ESC) were also in line with the range of variation reported after laboratory exposure to metals (Sanchez et al., 2005) and agricultural technical mixtures (Sanchez et al., 2006 ). An exception occurred from GPx that was characterised in situ by a strong induction (from 5 to 10 fold as compared to mesocosm fish), which had not been previously observed in laboratory experiments using model oxidative chemicals.
CF and HSI are general indicators of fish health widely used for population assessments because they integrate many levels of sub-organismal processes and are easily measured. Overall, only minor effects were observed on these parameters as illustrated by their low weight in site discrimination as compared to biochemical parameters in the DA. In stickleback, baseline data are available for comparison (Pottinger et al., 2002; Sokolowska et al., 2004) and show that only HSI of fish from heavily contaminated sites (REV and ESC) is out of the normal range of variation. This result could reflect a liver enlargement in fish exposed to environmental chemicals which corroborated findings from other biochemical biomarkers in these sites.
Biomarker responses of stickleback appear as a potential relevant tool to assess water quality. The depuration experiment provided valuable information on their reversibility in clean water and their limits for monitoring application. It demonstrated that to varying degrees, biomarker responses were generally reversed when fish were transferred into clean water. Based on this experiment, EROD and GST were characterised by a fast recovery. However, these parameters cannot reflect the time integration of contamination effects, they can only reflect a recent pollution episode. In this context, a frequent sampling could be requested in order to not underestimate pollution (Wu et al., 2005) .
Conversely, oxidative stress biomarkers such as GPx and TBARS, appeared as parameters characterised by a slow recovery and could be considered as robust biochemical parameters providing a time-integrated estimate of pollution levels. A less frequent sampling is also required to evaluate the effects of water quality on oxidative stress parameters (Wu et al., 2005) .
The present work suggested that stickleback biomarker responses were influenced by natural variability. Various biotic factors such as age, gender, feeding behaviour, and environmental factors including diet availability, water temperature, dissolved oxygen level and parasites can enhance or decrease the biotransformation activities (Whyte et al., 2000) , antioxidant defences (MartinezAlvarez et al., 2005) and fish health reflected by HSI and CF (Pottinger et al., 2002; Sokolowska et al., 2004) . These confounding factors could also prevent using biomarker application for routine monitoring. Hence, it is necessary to characterise natural variability of biomarker responses. This field study provides a first indication on certain confounding factors that could influence the selected biomarkers in stickleback. Except for TBARS, all investigated indicators appeared to be gender-dependent. This effect could be explained by the important variation in physiology and biochemistry of female fish during the reproductive phase as previously described for HSI (Sokolowska et al., 2004) and EROD activity (Flammarion et al., 1998) . For instance, some biomarkers such as GST exhibited a seasonal variability with higher levels in Autumn than in Spring. This could be linked to its implication in the hepatic degradation of sex steroids and the variation of hormone levels after the breeding period (Gallagher et al., 2001) . Interestingly, GPx induction were strongly gender-dependent in OUR and REV sampled in Spring. Similar trends were observed in mesocosms at the same period. To our knowledge, such gender-effect on this enzyme has not been previously reported in fish. In addition, other factors linked to seasonal variability such as predation, parasite infestation and food availability could also be the source of the variation of biomarkers in uncontaminated stickleback (Martinez-Alvarez et al., 2005) . As an example, Pascual et al. (2003) showed that susceptibility to oxidative stress in fish, as determined by oxidative stress biomarkers contents, is enhanced by food deprivation. These consideration argue for a better characterisation of stickleback biomarker's natural variability due to biotic and abiotic factors prior to their routine application for freshwater biomonitoring.
CONCLUSION
This study was designed to assess the usefulness of physiological and biochemical biomarkers in sticklebacks sampled from low and highly impacted areas. The response profiles of investigated biomarkers allowed a good discrimination between highly contaminated streams and moderately polluted or unpolluted sites. Other aspects related to using sticklebacks as a sentinel species were highlighted during this study. The abundance and distribution of stickleback within the study area facilitated sampling of several sites located in reference and polluted areas, however in large rivers, this could be limited by the availability of specific habitats. Moreover, stickleback is characterised by a stationary behaviour, hence the observed responses could reflect the local environment. This field study demonstrates the potential of stickleback as a sentinel fish species to assess sublethal stress in multipollution context. Further studies are in progress to include other specific biomarkers such as vitellogenin, spiggin and cholinesterase in this set of biochemical parameters. In addition, seasonal variability together with chemical analysis of the water will be studied more thoroughly on selected sites in order to better characterise the influence of natural and chemical factors on biomarker responses in this fish species. Data obtained from the "Seine-Normandie" water agency for OUR and LEZ and from "ArtoisPicardie" water agency for RHO and ESC.
d Fish based-index quality score based on occurrence and abundance data and reflecting the level of degration of fish assemblage structure (Oberdorff et al., 2002) . FBI score ranged from 1 (no disturbance) to 5 (very high disturbance). 
